ABSTRACT: In mid-latitude continental and island regions, the isotope composition of air masses often varies according to both their origin and their interaction with topography along their path of travel. Comparison of stable isotopes in continental and island precipitation events can reveal climatic controls upon isotopic content and yield information about patterns of atmospheric circulation. The overall deuterium (D) and oxygen-18 ( 18 O) characteristics of 64 precipitation events observed in continental Beijing, China, and 109 precipitation events observed at Seongsan (Jeju Island, Republic of Korea) were investigated. The established local meteoric water lines, δD = 7.49δ
INTRODUCTION
The systematic analysis of isotopes in precipitation provides basic data for the use of isotope-specific tools in hydrological and meteorological investigations. The Global Network of Isotopes in Precipitation (GNIP) observation project, initiated by the International Atomic Energy Agency (IAEA) and the World Meteorological Organization (WMO), is the largest endeavor of its type (Rozanski et al. 1993) . The climatological isotope patterns obtained from these measurements, recorded on an almost monthly basis, have typically been interpreted in terms of different isotope effects (Dansgaard 1964) . Instead of being related to isolated physical processes, these effects have generally been found to reflect a complex sequence of fractionation during the phase transitions of water from evaporation to precipitation (Pfahl & Wernli 2008) . However, variations in the stable isotopes of event-based precipitation generally offer more information concerning potential synoptic controls upon isotopic content, and thus yield information about the circulation and structure of the atmosphere (Barras & Simmonds 2008) . These data are particularly significant for the study of mid-latitude regions, where water cycle processes are more complex . Furthermore, better explanations of fluctuations in isotope ratios could result from an analysis that includes both the isotopic variations associated with changes in water vapor origins and the meteorological conditions attendant to particular transport paths (e.g. temperature, precipitation amount, and processes involving evaporation of rain drops falling into the dry atmosphere beneath the cloud base).
The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model developed by the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory (Draxler & Rolph 2003 , Rolph 2010 ) is designed for regional scale trajectory analysis, such as that pertaining to the regional transport of aerosols (e.g. Lee et al. 2004 ) and water vapor. Strong et al. (2007) analyzed the moisture transport paths in the southwestern USA by using a high temporal resolution of deuterium (D) records and the HYSPLIT model. Trajectory analyses provided consistent evidence that the large temporal and vertical variations in D concentrations were due primarily to advection of water from different source regions. Pfahl & Wernli (2008) correlated data concerning stable isotope composition in eastern Mediterranean precipitation with the pertinent 10 d backward trajectories to establish the meteorological conditions in the evaporation regions. Barras & Simmonds (2008) investigated an event-based record of oxygen-18 ( 18 O) in precipitation at Margate in Tasmania, Australia, by using 3D Lagrangian trajectories and composites of ERA40 850 hPa geopotential height for the years 1994-2002. They found that moisture entrainment occurred during the 48 h period prior to arrival for all precipitating air masses.
The comparison of stable isotope characteristics contained in precipitation events at continental (Beijing, China) and island (Seongsan, Republic of Korea) sites is interesting, as both of these 2 sites have mid-latitude environments, and their air masses interact with complicated topography throughout their path from source region to site of precipitation. Such a comparison provides information about climatic controls under the influence of the Asian monsoon. The present study thus identified moisture origins and transport paths for precipitation events by using the HYSPLIT model. Dominant meteorological controls for different air mass categories were also investigated, using the stepwise regression method.
OBSERVATION SITES
Both of the 2 observation sites have mid-latitude climates ( Fig. 1) under the influences of the West Wind Belt and the Asian monsoon. Because of the control of the Mongolian High in winter, the intrusion of continental high-latitude air masses brought by northerly winds leads to a cold and dry climate, whereas sufficient moisture from the southern Pacific Ocean and the Indian Ocean, transported by the Asian monsoon, arrives due to the subtropical High in summer, resulting in warm and humid climatic conditions (Huang et al. 2003 , Wei et al. 2008 .
Beijing, China, located on the northern edge of the North China Plain and surrounded by mountains on its western, northern, and eastern sides, has a typical half-moist continental monsoon climate (Guo et al. 2006) . The average annual temperature is 12.1°C, with an average annual precipitation of 591 mm; 72.8% of annual precipitation based on 1951-2008 averages occurs in the summer months (JuneAugust). Winter precipitation is scarce and accounts for merely 1.8% of the annual amount. During the observation period, the average temperatures were 1.3°C higher than long-term averages in 2006 and (Fig. 2a) . Precipitation levels were 46.2% and 18.1% below normal for 2006 and 2007 and 6% above normal for 2008 (Fig. 2b) .
Seongsan (Jeju Island, Republic of Korea) is located about 100 km SW of the Korean Peninsula, between 33°12' and 33°34' N, and is bordered by the Yellow Sea on the west, the Korean Strait on the northeast, and the East China Sea on the south. It experiences large swings in mean monthly temperature (> 20°C) and precipitation (>150 mm; Kwon 1985) . The monthly temperature averages were near the 70 yr average during the observation period. The precipitation in the first summer of the observation period was 61% heavier than normal and 12% lower than normal in the second summer. Precipitation in the first winter was 32% below normal and near normal in the second winter (Lee et al. 2003) .
DATA AND METHODS

Stable isotope data
We used 2 datasets of D and . The rainfall collector consisted of a polyethylene bottle with a funnel. A ping pong ball covered in the mouth of the funnel to prevent evaporation. Snow samples were collected using a pail installed on the roof. After each snowfall event, snow samples were melted at room temperature (Liu et al. 2010a) . The start and end times of each event were calculated automatically by a nearby rain gauge. Most of the precipitation events during the observation period lasted for a few hours, and those spanning multiple days were not considered in the present study. Samples were transferred into 50 ml polyethylene bottles and analyzed with respect to D and 18 O using the Finnigan MAT253 mass spectrometer and the Temperature Conversion Elemental Analyzer (TC/EA) method at the Environmental Isotope Laboratory of IGSNRR. Measurement accuracies were consistently ±1 ‰ for D and ± 0.3 ‰ for 18 O. Most of the samples were collected during the summer months (JuneAugust).
(2) Precipitation samples ob tained from Seong san (Je ju Island, Republic of Korea, 126.933°E, 33.4656°N, 25 m asl), which is a GNIP station where event precipi- 
HYSPLIT model
Backward trajectories were calculated by using the HYSPLIT model (Rolph 2010) for 96 h duration with 3000 m agl ending level to illustrate the moisture history of the air masses associated with each event. Meteorological input for the trajectory model was the REANALYSIS dataset (global, 1948-present) , reprocessed from NOAA's NCEP Final Analysis data by the Air Resources Laboratory (Kalnay et al. 1996) . The data pertained to the 2.5° × 2.5° latitudelongitude global grid, 144 × 73 points from 90°N to 90°S, 0 to 357.5°E and involved an output every 6 h (00:00, 06:00, 12:00, 18:00 UTC).
For each precipitation event, trajectories were calculated at 3 levels, 1500 m (~850 hPa), 3000 m (~750 hPa), and 5500 m (~500 hPa), to determine the most representative origin height. The results showed that most of the trajectories were similar with respect to the origin and transport path at each of the 3 levels (figures not shown). As precipitation usually occurred at a height of no more than 3000 m, the 3000 m level was selected here. Furthermore, air mass trajectories at multiple time intervals (24, 48, 72, 96 , and 120 h) were also calculated for each event. The results indicate that all trajectories were similar in origin and transport direction, varying only with respect to the length of the paths involved. O p appeared during the summer, which was a reflection of precipitation amount (Table 1) . During this period, the prevailing Asian summer monsoon brings huge amounts of rainfall and the most depleted isotopic composition to island sites (Dansgaard 1964 , Lawrence & Gedzelman 1996 . In contrast to the monthly samples collected in the rainy season, no amount effect was detected at the Beijing site (Liu et al. 2010a) . 
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. Local meteoric water lines
Based on 400 water samples collected globally from rivers, lakes, and precipitation, the nature of the isotopic relationship in meteoric waters (global meteoric water line, GMWL) was established as δD = 8 δ
18
O + 10 (Craig 1961). Significant deviations from this line are observed in cases where the atmo spheric circulation regime of a given area varies seasonally (e.g. Harvey & Welker 2000 , Vre<a et al. 2006 , Grassa et al. 2006 , Liu et al. 2009 , 2010b . In light of the stable isotopic composition in all of the precipitation events, the local meteoric water lines (LMWLs) for Beijing and Seongsan were established as δD = 7.49δ (Fig. 4a) , which indicates that the vapor composition deviated from the equilibrium composition (Dansgaard 1964) , while a slope > 8 for Seongsan suggests a kinetic effect in the condensation (Fig. 4b) .
For Beijing, the summer δ values varied little, while δ values for other seasons scattered to the upper or lower ranges of the LMWL. The 2 most depleted δ values occurred during the winter and early spring and reflected the high-latitude air mass (discussed below). Most of the enriched δ values represented spring precipitation. The winter months were rather dry for Beijing, with only around 10 mm of precipitation during the whole season. Although with the arrival of spring came an increase in precipitation, the atmosphere beneath the cloud base remained dry and far from saturated. Consequently, the evaporation of rain droplets during their fall resulted in the Table 2 enrichment of the δ values in the residual rainwater. This evaporation effect gradually weakened as the rainy season progressed, with the δ values growing more depleted as rainfall increased (Liu et al. 2010b) .
For Seongsan, points representing the winter and summer precipitation generally fell above and below the relevant LMWL, respectively (Fig. 4b) . Data points for the transitional periods of spring and autumn distributed closely along the LMWL (Lee et al. 2003) . In the winter, the cold air over the continent and the warm air over the South China Sea cause a pressure gradient, producing dry northeasterly winds that flow over southern Asia. This pressure gradient is reversed during the summer (Johnson & Ingram 2004) . Therefore, the distribution patterns for δ values corresponding to different seasons indicated opposite water vapor origins and circulation conditions.
Deuterium excess
The deuterium excess
O (Dansgaard 1964) , is a measure of the deviation of a given data point from the GMWL. Globally, the average value of d in precipitation is 10 ‰ (Craig 1961) . Most of the data points for Beijing and Seongsan fell below or above the GMWL (Fig. 4a,b) . For Seong san, variations in d according to the different seasons generally followed a 'V' pattern, with higher values for d during cold periods and lower values during hot periods (Fig. 3d) . In temperate climates, seasonal fluctuations of d are often observed, which is attributed to varying conditions in the source areas of the vapor (Araguás-Araguás et al. 2000). Higher d values for both Beijing and Seongsan winter precipitation reflected kinetic fractionation under conditions involving low relative humidity. At Beijing, the relatively lower d values for spring precipitation are attributed mainly to evaporation occurring during the fall of rain droplets (Barras & Simmonds 2009 ). The d values for Seongsan spring precipitation were much higher than those for Beijing. Although there were some reduced d values for events involving small amounts of precipitation, the effect of the evaporation of rain droplets was not strong. This finding is likely because the atmosphere beneath the cloud base is more humid, as the amount of spring precipitation is 4 times larger at Seongsan (P = 281.6 mm) than at Beijing (P = 66.6 mm). During the summer, a d value around 10 ‰ for Seongsan indicated its hot and humid intertropical oceanic moisture origin, with temperatures around 25°C, moderate wind velocities, and relative humidity near 80% (Merlivat & Jouzel 1979) . The d values for Beijing during the summer were generally below 10 ‰ and exhibited a larger range (Fig. 3c) . Rain droplet evaporation was also notable in the light rainfall events that occurring during the summer (e.g. 
Backward trajectory estimates
The physical interpretation of the isotopic variations is complicated, as a single δ value reflects the integrated phase transition history of the respective water (Jacob & Sonntag 1991) . The determination of transport histories from meteorological conditions or through the calculation of trajectories improves inter- Figs. 8 & 9) , the 96 h backward trajectories of the air masses arriving at 3000 m agl were categorized into 6 main groups according to the moisture origins, paths, altitudes, and speeds of transport (Shan et al. 2009 ).
Beijing
(1) Northwestern (NW), high-latitude air masses came from northwest of the European continent and the Arctic Ocean, subsequently passing over Mongolia. These air masses were the driest (with the percentage of the category precipitation amount with total precipitation amount, PRF 2 = 5.9% and RH = 69%). High-latitude origins and long transport paths led to a continuous depletion of heavy isotope component, resulting in the lowest δ (2) Western (W) air masses originated from the inner-western Eurasian continent, subsequently passing over arid/semi-arid northwestern China with almost horizontal transport paths at different speeds. A total of 15 events belonged to this category (PRF 2 = 15.9%), making it the second most-frequent air mass path. Air masses belonging to this category could generally be divided into those arriving in the winter (with very low δ values) and those arriving in the sum- spacing of dots indicates speed of the air mass. Air mass categories as in Table 2 mer (with high δ values). Each of the 3 snow events during the observation period belonged to this category (see the top trajectory for 6 February 2006, the bottom trajectory for 12 January 2006, and an upper one for 31 December 2006; Fig. 5b ). Under the control of the Mongolia High in the winter (Fig. 6b) , the north-westerly winds brought dry, high-latitude continental air masses. The low air temperature (~250 to -260K, or -23.2 to ~ -13.2°C, Fig. 6c ) and thick snow cover (~20 mm, Fig. 6d ) meant that there was little energy available for evaporation or sublimation of snow (Lee et al. 2003) . As such, few air masses were picked up along the transport path and the specific humidity remained stable (1 to 2 g kg -1
, Fig. 6f ). After a long transport, the δ values tended to be rather depleted upon arrival at the precipitation area (e.g. δ O is particularly characteristic of the summer precipitation in arid/ semi-arid northwestern China (Liu et al. 2009 ).
(3) North-northwestern (NNW) continental air masses originated from the north, the northwest, or from central Mongolia. The temperatures for this category were the highest, given that all of the 7 precipitation events belonging to this category occurred from June to September. Typical meteorological conditions for this type involved low wind speeds and extended periods of sunshine. All of the NW, W, and NNW categories had high-or mid-latitude continental origins. They shared some similar meteorological characteristics, such as low amounts of precipitation, low relative humidity, and long periods of sunshine.
(4) Southern (S) air masses came from the south, mainly passing over the inland area of southern China. Rainfall events for this category occurred mostly in July. When the summer came, the Mongolia High, centered over the Asian continent, gave way to an area of low pressure (Fig. 7b) . The high pressures located over the ocean forced warm and humid moisture to the continent (Fig. 7d) . For the rainfall event on 31 July 2008 (Fig. 7a) , a continuous rainout process and some evaporated water likely picked up along the trajectory (the specific humidity decreased from ~9 to 7 g kg -1
, Fig. 7f ) resulted in the depletion of heavy isotope (δ 18 O = -7.99 ‰). (5) Marine vicinity (MV) air masses had no defined paths, being located at mid-latitudes and moving slowly in short paths or looping trajectories over the marine vicinity. Only 5 events were attributed to this group, and the PRF 2 was 17.6%. While the MV and S categories shared nearly identical meteorological conditions, such as little sunshine, moderate wind speeds, and comparatively high relative humidity (Table 2) , there was still a slightly lower value in δ
18
O p for S (-7.23 ‰) than for MV (-6.94 ‰), a fact that may be attributed to the longer transport paths taken by the S-type masses along the continental regions.
(6) Continental vicinity (CV) air masses were similar to MV but had trajectories that looped over the continental vicinity. It was the most frequent type of path, i.e. it was the type most frequently associated with the summer rainfall in Beijing. Of the 23 events belonging to this category, the majority occurred during July and August, with June, September, and May featuring many of the others. Meteorological conditions for this category typically involved moderate temperature, relative humidity, wind speed, and sunshine duration (Table 2 ). The δ 
Seongsan
Typical meteorological conditions for precipitation events with air masses originating from the NW, N, and SW have been detailed by Lee et al. (2003) . Below, the primary focus will be on categorizing the air masses for precipitation events at Seongsan.
(1) NW high-latitude moisture came from northwest of the European continent and from the Mediterranean. The 21 events accounted for 12.2% of the total precipitation, as most of this precipitation occurred during the late autumn, winter, and early spring, when the conditions were relatively dry. Though featuring the longest paths and the lowest temperature, the δ
18
O p (-6.7 ‰) associated with this type was not low, probably because only 2 precipitation events belonging to this category fell in the summer months, when the Asian monsoon was responsible for the heaviest rainfall and the most depleted δ
O values (Bhattacharya et al. 2003 , Aggarwal et al. 2004 , Vuille et al. 2005 , Liu et al. 2010a . Typically, the relatively high d values for NW air masses indicated relatively low humidity during the moisture formation (Lee et al. 2003) .
(2) W air masses bore similarities to those associated with Beijing but featured even longer paths. This type was most frequently responsible for precipitation, with 29 events altogether. Most of the precipitation events happened in the spring, followed by the autumn, summer, and winter. The spring W-type events accounted for 57.9% of the total category rainfall (PRF 2 = 26.3%). The value of δ
O p (-5.4 ‰) was highest in relation to this type, possibly due to the evaporation of the raindrops during their fall to the ground or the fact that no precipitation events associated with this category occurred in July, which usually featured the lowest δ values.
(3) N continental air masses originated mainly in Siberia. Although there were only 11 events associated with this category, it was responsible for precipitation in all 4 seasons. Typical meteorological conditions for this category included moderate wind velocity and relatively low temperature. Taking all events into account, this type seemed to feature the most depleted δ O p (-6.9 ‰) value for this type is low because most of the events occurred in July and August, when the Asian monsoon was responsible for rainfall characterized by depleted δ 18 O. (6) SE air masses had southeast marine origins. The mean temperature of this category was the highest of any category, but δ
O p was the most depleted (-7.4 ‰) . About 81% of all precipitation events associated with this category occurred in the summer, and none in winter. The low d values for this category reflected the characteristics of the hot and humid North Pacific (Lee et al. 2003) .
The 6 air mass categories for Seong san tended to appear at particular times of the year (e.g. NW: late autumn, winter, and early spring, Fig. 8 ; W: mostly spring; CV: mostly summer but not spring; SW and SE: summer; and N: all seasons) . Thus, the categories linked with summer precipitation, mainly SE, SW, and CV (Fig. 9) , were less varied than those associated with summer precipitation in Beijing (Fig. 5) . The multiple types of precipitation air masses found in Beijing were probably also responsible for its comparatively larger ranges for d (discussed in Section 4.1.3.). Furthermore, distinctions between the continental and marine origins of the moisture were determined from LMWL for Seongsan (Fig. 4d) , with the data points for NW and N categories generally located above the line and those for SW and SE categories situated below the line. Air mass categories as in Table 2 4.3. Climatic controls on δ
O
The investigation of isotopic information contained in archives such as ice cores (Bradley et al. 2003) , lake sediments (Junge & Böttger 1994) , tree rings (Managave et al. 2010) , and speleothems (McDermott 2004) , is one method for the quantitative reconstruction of paleoclimate. It is first necessary to determine how the isotopes associated with modern precipitation relate to the current climate conditions (Jacob & Sonntag 1991) because the isotopic composition contained in precipitation generally reflects synthetic synoptic conditions before being recorded. Regression equations based on the presently observed spatial relation between the mean annual temperature and the isotope ratio in precipitation in high latitudes have been used to derive a history of the temperature changes experienced at the site of a given ice core (Dansgaard et al. 1982 , Jouzel et al. 1987 . Such applications, however, usually encounter problems at middle and low latitudes, especially in the Asian monsoon regions, because both the temperature and precipitation are highest in the summer, and the temperature effect and the amount effect partially cancel each other out (Johnson & Ingram 2004) . In the present study, simple linear correlations between δ/T and δ/P were not high at either site during any point of the observation period (Table 1 ). In addi- Table 2 tion to the reason noted above, the meteorological conditions associated with different air mass trajectories may also be responsible. To detect the main meteorological controls pertaining to different air masses, regularly observed surface meteorological variables associated with precipitation sampling sites were analyzed with the multiple stepwise regression method. Multiple regressions allow for the simultaneous calculation of several physical parameters (Liu et al. 2010b ). Potential partial correlations showed that sometimes a quadratic or logarithmic solution was in closer agreement with the δ 18 O. Therefore, non-linear stepwise regression was adopted. For Beijing, the daily minimum temperature and precipitation amount more frequently factored into the equation (Table 3 ). This finding was likely because most of the precipitation samples had been collected in the summer, when the temperature and precipitation amounts could be equally important for the δ
18
O variations at this site (Liu et al. 2010a) . Furthermore, the surface air temperature tended to reach a minimum when the precipitation event happened. Therefore, instead of daily mean air temperature, daily minimum temperature played a more dominant role. Most of the regression models could predict the δ
O well. The established regressions for the S, MV, and NW categories were able to explain more than 90% of the observation δ In contrast to Beijing, where regression models usually selected 2 to 5 controlling parameters, the precipitation amount seemed to be the predominant factor for most air masses arriving at Seongsan. With the exception of the CV type, the equations for all categories selected this factor. It was particularly important for the NW, N, SW, and SE categories, in which the precipitation amount was the main impact factor. In comparison, regression models established for each category in Seongsan captured fewer δ
O variations (about 50%) than those for Beijing. The logarithmic δ/P relationships describe the control of the precipitation amount on the isotope content better than the pure linear relationships suggested by Lee et al. (2003) .
SUMMARY AND CONCLUSIONS
The continental Beijing site had larger ranges in δD and δ
18
O than the island Seongsan site. In Seongsan, most of the depleted δ Table 3 . Non-linear stepwise regressions of δ
O for each air mass category in Beijing and Seongsan. Variables for equations, P: precipitation amount (mm), T: surface air temperature (°C), T max : maximum surface air temperature (°C), T min : minimum surface air temperature (°C), RH: relative humidity (%), Vp: vapor pressure (hPa), WS: wind speed (m s -1 ), SD: sunshine duration (h). Air mass categories as in Table 2 model, 96 h backward trajectories of air masses arriving at 3000 m agl for each precipitation event at the 2 sites were calculated. Six categories were obtained for each site, based on the moisture origins, paths, latitudes, and speeds of transport. All categories (NW, W, NNW, S, MV, and CV) were represented in the summer precipitation in Beijing, while only the SW, SE, and CV categories were represented in the summer precipitation in Seongsan. Dominant meteorological controlling factors for the various categories were also identified through a non-linear stepwise regression method. Regressions for Beijing selected 2 to 5 factors, while the precipitation amount emerged as the predominant controlling factor for Seongsan. 
